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ABSTRACT
The Development of a Genomic Toolbox for Studying the
Evolutionary Genetics of Reptilian Lungs
Using the Chicken Model
Logan Thomas Edvalson
Department of Cell Biology and Physiology, BYU
Master of Science
There is a vast diversity in tetrapod lung branching morphology.
Phylogenetically, much of the pulmonary diversity among vertebrates appears to arise
from the way epithelial tubes branch or form saccular (cyst) structures. Fgf10 activity
has been shown to play a critical role in regulating branch versus cyst morphology. We
hypothesize that the species-specific differences in lung morphology may be primarily
due to species-specific differences in Fgf10 expression. To test this hypothesis, we have
performed bioinformatic analyses on the Fgf10 locus and have identified a conserved 11
kb noncoding region that potentially contains the Fgf10 lung enhancer. We are taking a
large DNA sequence upstream of the Fgf10 gene of the American Alligator and
swapping it into the orthologous locus in the genome of chicken primordial germ cells
(cPGCs). We are accomplishing these swaps by using a combination of homology
directed repair (HDR) and recombinase mediated cassette exchange (RMCE) in cPGCs.
These edited cell lines can be used to generate germline chimeric chickens capable of
producing offspring that putatively drive Fgf10 expression in the lung under control of
regulatory sequences from various other reptiles. We have also generated a cPGC line
where, through RMCE, we can easily target any enhancer from any organism to drive a
GFP reporter as a means to test the temporal and spatial regulatory characteristics of
these enhancers. This work is funded through a BYU Turkey Vaccine Grant and a
Skaggs Mentoring Grant.
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INTRODUCTION
Rationale
I will be developing a toolbox for performing HDR coupled RMCE to perform
large enhancer swaps between the chicken and alligator genomes to study the
evolution of lung branching morphology in reptiles. But this technique for efficiently
swapping large genomic sequences in and out in a targeted manner is broadly useful
in all fields of biology and will help address the grand challenge of defining the
relationship between genomes and phenomes. In evolutionary biology, this technique
can be used to reconstitute ancestral proteins or pseudogenes using bioinformatically
predicted sequences (Kozlov et al, 2019). In medicine, this technique can be used to
make cells that will produce protein or RNA drugs for mass production (Herron et al,
2018). In synthetic biology, the technique can be used to insert code for noncanonical
polymers like biofuels and other materials and chemicals (de la Torre et al, 2021).
Importantly, this technique allows the study of reptile biology which has made little
progress relative to mammalian studies. While many genome engineering techniques
exist, few thus far have the power to edit large regions of DNA both precisely and
efficiently. This problem can be solved using the toolbox of both molecular and
bioinformatic tools I have put together during my time at BYU
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Evolution and Lung Morphology
For decades, scientists have investigated the molecular basis for the
morphological diversity between species. The genome contains all the information a
species needs to develop into a functioning adult as shown in the cloning of Dolly the
sheep (Campbell et al, 1996). This information includes genes (Avery et al, 1944),
regulatory regions (Lewis, 1978), parasitic DNA such as transposons (McClintock,
1950), and loci that code for untranslated RNAs (Mizuno et al, 1984). Initially,
scientists believed that the diversity of higher lifeforms must be due to differences in
the genes. However, functional homology of many gene products between distantly
related species (Gehring et al, 1999, Shubin et al, 2009) and remarkable conservation in
the coding regions of genes (Konate et al, 2019, Shubin et al, 2009) suggests that
mutations in genes may not be the predominant mechanism for morphological
diversity.
In contrast, mutation in the sequences of DNA that regulate the transcription of
genes has been shown to be a major force in morphological diversity. For Example,
Shapiro et al showed that mutations in the pitx1 enhancer in stickleback fish resulted
in the loss of the pelvic spine in the freshwater population (Shapiro et al, 2004).
Gompel et al, showed that a change in an enhancer between two species of drosophila
caused one of those species to develop a spot on their wings (Gompel et al, 2005). One
of the more intriguing examples was a study showing that transferring the zrs
2

enhancer, which induces Shh expression leading to distal limb development, from the
cobra genome to a mouse’s results in a mouse with no distal limb structures (Kvon et
al, 2016). However, no research comparable to this last experiment has been done on
the lungs.

Figure 1: A Cladogram Showing the Lung Morphology of Various Subphyla.
(Cieri et al, 2021).
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Figure 2: Simulation and Experimental Data of Fgf10 Expression. A) Low and
high concentrations of Fgf10 and B) slow and fast diffusion rates of the same
(Miura et al, 2009)

The lungs begin their development as a single tube which eventually branches
into bronchioles and then alveoli. One end of the precursor to the trachea branches
into two tubes which will make up the primary bronchi. These primary bronchi then
split into secondary bronchi; each of which will split again into tertiary bronchi and so
on until, in most animals, highly vascularized tissues specializing in gas exchange
form to mark the terminal end of the long path from the trachea (Metzger et al, 1999).
But the number of branching events and the size of each successive branch is very
diverse even amongst closely related species (Figure 1). It is, however, conserved
within each species suggesting that the lung morphology is genetically defined.
Fibroblast growth factor 10 (Fgf10) is a key director that signals where and when
branches form in the lung and this role is conserved across Mammalia and Drosophila
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(Metzger et al, 1999). It also appears that chickens follow the same pattern (Sakiyama
et al, 2003). Interestingly, it is not only important for the initial branching event but is
crucial for signaling subsequent branching events as well. The concentration of Fgf10
plays a role in the tissue modeling decision to form more cyst-like (sac-like) or
branched structures. The velocity of the diffusion of Fgf10 can also play a role in this
decision. Either high concentrations or fast diffusion of Fgf10 is sufficient to induce a
cyst-like structure (Miura et al, 2009) (Figure 2).
Whether, and how much, a gene, like Fgf10, is expressed at a given time or in a
given tissue is generally governed by three genomic structures: promoters, enhancers,
and silencers (figure 3). Enhancers are regions in the genome that contain binding
sites for transcription factors (TFs), which are proteins that bind to DNA, to help
activate or repress mRNA expression (Borok et al, 2010). When an enhancer is bound
by its complementary TFs, they further stabilize the RNA polymerase and gene
transcription can proceed. In other instances, a TF can bind to a silencer region which
will generally make transcription impossible (Borok et al, 2010)

Figure 3: A Cartoon of the Architecture of a Gene. The gene body is translated when both
the promoter and enhancer is bound, but not when the silencer is bound.
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Figure 4: A Schematic of the Process of Generating Germline Chimeric Chickens: a) cPGCs
are extracted from three-day old chicks. B) These cells are edited in vitro. C) the cells are
reintroduced. D) The chimeric animals are interbred leading to E) fully transgenic chickens
(Naito et al, 2015, Nandi et al, 2016). F) Image of chimeric gonads using gfp marker

As discussed earlier, many expression-altering mutations take place in the
enhancer and silencer regions. Although evolution conserves many of the TF binding
sites in the enhancer region it also modifies them over time to produce different
expression patterns. We hypothesize that evolutionary changes in the enhancer region
of Fgf10 between different vertebrate species is a mechanism underlying lung
branching diversity between species. One way to test this hypothesis is to swap the
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genomic enhancer region in one species with that of other species. However, at this time
there is no tool that can efficiently and accurately swap out large regions of the genome
with other similarly sized sequences in the chicken. I, and my colleagues in the lab,
have developed a genome engineering toolbox that will enable this enhancer swapping
and use it to generate transgenic chicken lines that can be used to examine how
enhancer evolution could underlie changes in lung morphology.
Chicken primordial germ cells are the key component to making complex gene
editing experiments practical in the chicken. To generate germline chimeric chickens
we can culture cPGCs, edit their genomes and reintroduce them into a three day old
chick. This then leads to chimeric gonads and germline transmission to the F1
generation (Naito et al, 2015, Nandi et al, 2016) (figure 4).

Bioinformatic Tools
Bioinformatic analysis of genomic loci of interest can reduce costs in time and
money by narrowing down likely candidates for the variation between species. Herein
we demonstrate a bioinformatic pipeline of Fast Evolutionary Analysis Tools for
Transgenic Research (FEATTR) that guided our work and will help other researchers
decide what regions of the genome to prioritize in their experiments. It assists in the
identification of cis-regulatory elements by using conservation scores (Woolfe et al,
2004). It also analyzes selection pressure, produces high quality maximum-likelihood
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phylogenies, and reconstitutes ancestral sequences. This pipeline includes several
well-established algorithms like FEL, RAxML-ng, Clustal, and MAFFT. But it also
includes a novel algorithm for analyzing noncoding regions of the genome based on
conservation between species. This algorithm, which we have called Alignment-based
Conserved Enhancer Search (ACES), examines the level of conservation in noncoding
DNA. While the algorithms, LAGAN (Brudno et al, 2003) and PhastCons (Siepel et al,
2004, Siepel et al, 2005), exist as methods for making similar comparisons at the
nucleotide level, ACES utilizes the consensus sequence and a sliding window analysis
to search for conservation in regions of DNA which we believe is a superior method of
bioinformatically searching for cis-regulatory sequences. It is also computationally
much faster. As proof of principle, we will present a bioinformatic characterization of
1) the Fgf10 locus, which we hypothesize (see above) plays an important role in
different patterns of lung branching morphology (see also Metzger et al, 1999), 2) the
Tbx4 locus, which encodes T-box transcription factor and defines the Fgf10 expression
domain in the lung (Sakiyama et al, 2003), and 3) the Wnt3 locus, whose mis
regulation promotes tumor progression in the lung (Kato et al, 2014, Nakashima et al,
2012).
FEATTR utilizes minimal data. Its only requirements are extracted sequences
from genomes readily available from either Ensembl or NCBI. The common file used
for all the analyses in FEATTR is the alignment. This alignment is used in three ways.
8

The first is to generate a phylogenetic tree which shows the evolutionary distance
between species. This can then be used to reconstitute ancestral sequences if the
researcher desires to rebuild ancient DNA (Kozlov et al, 2019). The second use for the
alignment is to investigate selection pressures on individual codons in the protein
coding sequence (Kosakovsky et al, 2005, Weaver et al, 2018). This reveals areas that
are likely very important for the function and folding of the peptide product of the
gene. And the last use is to examine possible cis regulatory regions that would
influence the transcription of the gene (Khan et al, 2018). This pipeline of
bioinformatic tools will provide a pattern for the characterization of genomic loci to
help researchers decide which portions of reptilian genomes they wish to manipulate
and swap into the chicken. All code necessary for the ACES algorithm is available in
Appendix A.

Genome Engineering Technologies
I used the output of my bioinformatic analyses to inform my decisions on what
regions of the cPGC genome were the most likely regulatory candidates for the Fgf10
gene. These regions I have manipulated using multiple genome engineering
techniques. In the following paragraphs I will provide a brief explanation of the four
technologies that I used. I will then explain how I modified and utilized these
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methods to swap out the enhancer region
for Fgf10 in chicken with homologous
regions from other reptiles.
Crispr/Cas9 evolved as an immune
system in bacteria that recognizes
bacteriophage DNA and breaks it up using
a cas9 protein and multiple RNAs. But in
2012, the Doudna and Charpentier labs
demonstrated how a single guide RNA can
be used to guide a Cas9 protein to a

Figure 5: Mechanism of HDR (Right) and
Non-Homologous End Joining (Left). (Lans et
al, 2012).

specific part of the genome and introduce a
double strand break (DSB) as long as it was adjacent to a particular protospacer
adjacent motif (PAM) represented by the sequence NGG (Jinek et al, 2012). In
eukaryotic cells, like those in chickens,
this damage is detected and repaired
using a variety of mechanisms.
Usually, the DSB is repaired using an
error prone process called
nonhomologous end joining (NHEJ).
Figure 6: The Rate of Successful HDR with and
without hCas9 or TALENs. (Mali et al, 2013).
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NHEJ involves the re-ligation of two

DNA fragments after a DSB. This method uses microhomologies to guide the joining
of the two fragments (Lieber, 2010). However, this method is error prone and often
results in insertions and deletions (indels) which can cause impaired protein function
or even nonsense mutations (figure 5). Another mechanism of DNA repair the cell
uses to mediate repair is homology directed repair (HDR). In nature, this takes place
when a cell detects the damage and finds the other undamaged chromosome and uses
it as a template to repair the DSB. This mechanism has been exploited in the
laboratory to introduce small changes in the genome of animals for decades (Carroll,
2004). Here repair vectors that contains sequences to be inserted are flanked with
homology arms which mimic the homologous repair chromosome and can be
exploited to introduce exogenous sequences via homologous recombination. In 2013,
Church and Mali demonstrated that co-introducing the DNA donor with an RNA
guided Cas9 significantly increases the efficiency of HDR (figure 6) (Mali et al, 2013).
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Anzalone et al (2019) significantly extended the repertoire of CRISPR/Cas9
mediated approaches. This technique, called prime editing (PE), is capable of
generating short sequence changes into targeted sequences of the genome (Anzalone
et al, 2019). PE uses two important components. The first is the prime editor which is a
fusion of a catalytically impaired Cas9 protein and a reverse transcriptase (Anzalone

Figure 7: Representation of Prime Editing. Starts at the nicking of the DNA and up to
successful conversion of target (Anzalone et al, 2019).

et al, 2019). The second is a specialized prime editing guide RNA (pegRNA). This
pegRNA not only guides the prime editor, but also contains the sequence to be
inserted into the genome. When the prime editor/pegRNA complex binds to its target,
the impaired Cas9 nicks one strand of DNA and the reverse transcriptase uses the
pegRNA as a template to generate an altered sequence that is longer than the
12

complementary sequence of the opposite strand (figure 7). In the successful edit the
cell removes the original wild-type strand to adjust for the differing lengths of the two
complementary strands of the chromosome (figure 7). Thus, the sequence changes
reflected in the pegRNA are introduced into the genome. This technology is often
advertised as a solution for gene therapeutic approaches mediated by CRISPR/Cas9
because, instead of introducing an invasive DSB, it only nicks one strand. PE however
isn’t only useful in human health. The
authors noted this technique has much
lower probability of resulting in indels or
off-target effects (cutting at loci other than
the one intended by the researchers) which
can confound any genetic experiment that
uses traditional CRISPR/Cas9. This method
is also much more efficient than HDR

Figure 8: PE Insertion Frequency of a His6
and FLAG tag, and an Extended LoxP site (44
bp). (Anzalone et al, 2019).

alone though the insert sizes are limited
(figure 8) (Anzalone et al, 2019).
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Both PE and HDR are limited
with regard to the extent of
nonhomologous sequences that can
be introduced. However, via
recombinase mediated cassette
exchange (RMCE) much larger and
more diverse edits can be more
practically carried out (Sternberg et
Figure 9: Representation of RMCE. (Turan et al, 2011).

al, 1981, Chen et al, 2011, Sorrell et

al, 2010, Roux et al, 2022). RMCE is a technique that takes advantage of recombinase
target sites (like LoxP) which a recombinase (in this case, Cre) binds to and mediates
recombination. Cre/Lox is commonly used to invert or splice out genomic sequences
(Sternberg et al, 1981, Chen et al, 2011) but can also be used to insert large sequences
of DNA (Sorrell et al, 2010, Roux et al, 2022). RMCE is accomplished by first, targeting
two heterospecific LoxP sequences to a specific locus in the genome. Importantly,
these LoxP sites are not complementary to each other so that Cre cannot mediate
(catalyze) recombination between them. These targeted LoxP sites are called a
“landing pad.” Next, Cre recombinase and an exchange vector with the desired insert
sequence flanked by complementary LoxP sites are introduced into cells possessing
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the landing pad. Recombination takes place between the cognate LoxP sites of the
exchange vector and those of the landing pad.
I have been perfecting these techniques to 1) introduce relatively distant LoxP
sequences into the genome in a highly targeted and efficient manner with either HDR
or PE and 2) Performing RMCE through the introduction of an exchange vector and
Cre recombinase. The resulting transgenic cell lines will be used to generate
transgenic chickens and their lung branching morphology will be studied.

15

MATERIALS & METHODS
Molecular Cloning

pX459-V2(HF) U6.3
The CRISPR/Cas9 plasmids used for HDR were generated by using a pX459
vector which contains a cagg driven Cas9-T2A-PuroR gene and cloning sites for an
sgRNA scaffold driven by the chick U6.3 RNA Pol III promoter (Kato-Inui et al, 2018).
Oligos encoding the sequence for the sgRNA were phosphorylated on the 5’ ends and
ligated in using a Golden gate Assembly (Engler et al, 2014). This assembly reaction
contained pX459v2-HF-U6.3, annealed guide RNA oligos, and BbsI and was cycled
between 37C and 16C every five minutes for five cycles and left overnight at 4C. 5 µL
were taken from the ligation reaction and used to transform bacteria. Correct ligation
was confirmed via digestion assays and sanger sequencing and the correct constructs
were transfected into cPGCs (Ran et al, 2013).

pGGOAAT
The Golden Gate hOmology Arm Assembly Tool is a specialized plasmid containing
LoxP sites designed for HDR/RMCE (figure 10). Flanking the LoxP sites are BbsI sites
that are used to clone in homology arms with complementary sticky ends. Between
the LoxP sites is a poly-linker site that can be used to insert the reporter/selection gene
of choice.
16

The LoxP sites are also interchangeable as they can be replaced with FRT sites for
flippase or ATT sites for Bxb1 using correct sticky ends (StyI for the left side or PciI for
the right side). They can also be deleted altogether. We have thus generated
pGGOAAT vectors missing one or the other LoxP site to aid in making swaps that
involve a large deletion (>10kb).

Figure 10: Sequence Map of pGGOAAT. Dual Golden gate sites (Bbsi) allow for efficient cloning in of
homology arms. StyI and PciI sites flank Lox71 and Lox2272 respectively to enable excision of one or
both sites to suite experimental design.

pPEA1 and pPEA1-Nuc
The prime editing all-in-one vectors are used to perform prime editing for short
inserts and replacements (<40bp) (Anzalone et al, 2019). These vectors contain
scaffolds for two RNAs: the prime editing guide RNA (pegRNA) and the nicking
guide RNA (ngRNA). In the original vector these are driven by human U6 RNA Pol
III promoters. We have generated versions that drive the RNA expression with the
superior chick U6.3 promoter (Gandhi et al, 2017).
PGC Derivation
PGCs are derived as described by Whyte et al, 2015. Briefly fertile eggs are
incubated ~72 hours until the embryos develop to HH15. Eggs are windowed and 1 μl
17

blood is drawn out of the embryo via pulled glass needle and placed in a single well
of a 48-well dish containing FACS-OT medium (Whyte et al, 2015). The media is
changed every other day until the PGCs have grown to confluence and the peripheral
blood cells have died off. The cell line can then be expanded, frozen or immediately
engineered and reintroduced into HH15 chick embryos.

Transfections
DNA constructs are transfected into PGCs using lipofectamine 2000 (Cat. No.
11668019 ThermoFisher). 2 μl of lipofectamine is diluted into 148 ul of Opti-MEM
(Cat. No. 31985062 ThermoFisher) and allowed to sit for 10 minutes at RT. Meanwhile
a total of 2 ug of DNA (equal molarity of each plasmid being inserted) is diluted in
Opti-MEM up to 150 ul. After the 10-minute incubation, the two tubes are mixed and
left to sit for 40 minutes at RT. This 300 ul mixture is added to 50 ul of FACS-OT
containing 250,000 cells and allowed to incubate at 37C for 4-6 hrs. Following, the cells
are spun down and resuspended in growth media. After 24 hrs, selection can be done
with Puromycin or Neomycin based on the constructs that have been transfected.

Sequence Retrieval
All genomic sequences were retrieved using either Ensembl or the NCBI genome
viewer (American Alligator only). PegRNA sequences were retrieved using the
PrimeDesign tool developed by Hsu et al in 2021.
18

Confirmation of Germline Transmission
To confirm successful germline transmission, sperm samples were
collected from chickens embryonically injected with engineered cPGCs. PCR using
edit-specific primers was performed on the extracted sperm DNA and the presence of
bands on a DNA polyacrylamide gel denoted successful integration of edited cPGCs
into the gonad.
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RESULTS
Germline Transmission
Transmission of the transgene to the germline is the key event in creating
transgenic animals. We have confirmed that our method of generating transgenic
chickens not only transmits through the germline, but that the gametes of the
germline chimeric animal can produce competent sperm.
In addition to PCR confirmation of transgenicity we were able to produce one
fully transgenic chick. Although we had some success in this, we noticed that the gene
was rarely transmitted.

Table 1: PCR Confirmation of Transgenic Transmission in Sperm. The ID Column
indicates which organism the sperm was harvested from. Trans+ indicates a PCR band
indicating the presence of the transgene that was inserted. Trans- indicates that no
transgene was detected in the sample. Ambig represents ambiguous PCR results.
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The Development and Utilization of FEATTR
With the development of complex genetics in chicken comes the capacity to
generate transgenic chickens. There is a vast diversity of organisms in the class of
Reptilia of which chickens are a part. Some of these organisms have physiological
abilities that are of interest to human health and environmental conservation like

Figure 11: A Diagram of the FEATTR Workflow and the Different Algorithms
Used.

regeneration and venom production. But even with CRISPR technology which has
made genetics possible it is not feasible to develop genetics in every species of
interest. It is therefore more cost effective for one species, in whom genetics has
already been developed, to serve as a model for other reptiles via the creation of
transgenic animals. When generating these animals, scientists must learn what loci of
the genome to prioritize because, while genetics have been developed it is still costly
21

and time consuming to generate transgenic animals.
There are several algorithms that can be used to perform comparative genomics
on existing genomic data. Most of these methods focus on the gene coding portion of
the DNA. And very few examine noncoding conservation (Brudno et al, 2003). The
most fundamental algorithm of interest is the alignment algorithm. There are several
existing algorithms that vary in efficiency, but any can be used. Examples include
MAFFT (Katoh et al, 2002), Clustal (Larkin et al, 2007, Sievers et al, 2011), and
MUSCLE (Edgar, 2004). Next, using the alignment, RAxML-ng is used to generate a
phylogenetic tree. This same algorithm can also be used to predict ancestral sequences
for each node in the tree (Kozlov et al, 2019). This algorithm can be used on either
coding or noncoding DNA but is more useful when examining coding DNA. To
examine selection pressure on each codon we can use the FEL algorithm (Kosakovsky
et al, 2005) which is made very easy to use on datamonkey.org (Weaver et al, 2018).
The FEL algorithm examines the change in each codon over time. It identifies
purifying selection when the number of sense mutations outnumbers the number of
missense mutations and diversifying selection when the opposite is true. Purifying
selection, or even invariance, in the codons can indicate important parts of the protein
and any differences between the chicken and the species of interest may be worthy of
investigation. The investigator may examine the gene as a whole and decide if the
differences are interesting enough to investigate with the help of this selection
22

analysis.
I examined the coding sequences of Fgf10, Wnt3, and Tbx4 using 24 genomes of
birds, lizards, turtles, crocodilians, and snakes. The results showed both expected and
unexpected results. Tbx4, a hox gene,

Fgf10

is expected to be highly conserved
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In Wnt3, we found that 75% of

Figure 12: Graphical Representation of the Selection
Pressure Analysis Results.

codons were under purifying selection

and 10% were invariable. Only 1 codon was under diversifying selection. Fgf10 was
the most mutable with only 24% of codons under purifying selection, 19% invariable,
and 57% were neutral, One codon was under diversifying selection (figure 12).
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There are much fewer methods for examining noncoding DNA for regulatory
regions. Current methods for identifying enhancers are either inefficient or cost
prohibitive. The assay for transposase-accessible chromatin with high throughput
sequencing (ATAC seq) (Buenrostro et al, 2015) and chromatin immunoprecipitation
sequencing (CHIP seq) (Johnson et al, 2007) are both powerful tools in the discovery
of open chromatin and protein-DNA interactions. High throughput sequencing has
also been used to sequence enhancer RNAs which are noncoding RNAs transcribed in
the enhancer of a gene (Tuan et al, 1992, De Santa et al, 2010, Kim et al, 2010). But,
while the cost is decreasing, all these methods require expensive equipment and
sequencing to perform. This cost can be prohibitive for new and underfunded labs
and limits discovery to well-established labs.
LAGAN is a computational tool that seeks to circumvent the need for sequencing
and calculates the conservation of individual positions in a sequence alignment
(Brudno et al, 2003). But this algorithm relies on exact matches at single positions. But
recent work has shown that many enhancers are conserved in function only and not
necessarily in sequence alone (Yang et al, 2015). Therefore, a method that relies on
exact matches may not be the best way to find enhancer candidates. In addition,
methods like LAGAN analyze data at a nucleotide resolution. Enhancers are much
larger than single nucleotides and can be several hundreds of base pairs long
(Blackwood et al, 1998).
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I have written a block of code called alignment-based conserved enhancer search
(ACES) that takes a much looser interpretation of sequence conservation. ACES takes
an alignment and extracts a consensus sequence. This consensus sequence is then
used for the rest of the algorithm. The consensus sequence by definition is a sequence
derived from an alignment that calls bases at positions where the alignments agree on
which nucleotide belongs at that locus. If a given locus is “A” more often than it is any
other nucleotide, then the consensus calls that base an A. Thus, the algorithm doesn’t
rely on exact matches, but on a sequence where the majority rules. The consensus
sequence is then converted into binary. Where there is a base call, the algorithm
replaces the nucleotide with a 1. Where there is a “?” or “-“ in the alignment the
algorithm replaces that value with a 0. Then it takes a sliding average of a 10-500 bp
window (depending on the investigators preference) along the entire alignment and
returns highly conserved regions in a plotly graph (Plotly Technologies, 2015). Highly
conserved sequences can then be extracted using the seqExtract function that I’ve
written. The output can then be combined with JASPAR enrichment analysis to find
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predicted transcription factor binding sites (Khan et al, 2018).
In conclusion, I characterized the Fgf10, TBX4, and Wnt3 loci in reptiles and
found that the coding sequence of Fgf10 is highly conserved between species. The
selection pressure analysis found that the majority of codons were either invariable or

Figure 13: ACES output of A) Fgf10, B) Wnt3, and C) Tbx4.

under purifying selection (figure 12) I also generated ancestral sequences based on the
phylogeny produced by RAxML-ng (Appendix B). Through ACES analysis, I found
there to be substantial conservation 5 kb upstream of the Fgf10 transcriptional start.
Given that Fgf10 is known to be regulated by Hox transcription factor, Tbx4, in the
lung (Sakiyama et al, 2003) I combined this conservation data with transcription factor
predictions identified by JASPAR enrichment analysis and found that these predicted
26

sites coincide with high conservation (figure 13).

The Development of Gene Editing Tools in Chicken Primordial Germ Cells (cPGCs)

Homology Dependent Methods
As mentioned in the introduction there are several technologies that could be
used in our pursuit of large, targeted replacements. Some of these technologies we
established are not viable in PGC culture in our hands. Our first approach involved
the use of microhomology mediated end joining (MMEJ). This method uses short
homology arms that guide the cells NHEJ machinery to incorporate an edit (figure 14).
Our approach was to make a 10 kb deletion using CRISPR/Cas9 and
microhomology to insert a neomycin resistance gene. This approach proved
impractical, and we hypothesize that the microhomology was not sufficient to
mediate MMEJ given the size of the intervening deletion.
To eliminate the possibility that our guide RNAs were insufficient for the
CRISPR/Cas9 to catalyze a DSB we tested multiple guide RNAs in vivo. The efficiency
of these guides was assessed using Sanger sequencing of an amplicon that flanked the
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locus of the double stranded break. Successful breaking of the DNA results in the
introduction of indels at the
DSB that can be visualized by
the presence of ambiguous
bases at and surrounding the
break (figure 15). By so doing,
we found that the guides we
used were sufficient to create
the DSBs at the desired loci.
Given that we were able

Figure 14: Representation of Microhomology Mediated End
Joining (Wang et al, 2017)

to efficiently introduce DSB
via CRISPR, we attempted to
repair breaks via traditional
HDR using large homology
arms.
We modified our approach
to insert LoxP sites and
associated selectable markers
which would allow us to select
for targeted insertion of LoxP

Figure 15: Representations of a Non-Cutting Cas9 Guide
(Top), a Low Efficiency Guide (Middle), and a High
Efficiency Guide (Bottom).
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sites via HDR and then their subsequent loss through cassette exchange (figure 10).
Thus, we had two strategies for HDR. The first was to delete out the entire 15 kb
regulatory region and replace it with a floxed neomycin resistance gene. The second
was to insert LoxP sites individually linked to either GFP or NeoR. The latter method
saves the deletion for the RMCE step. It also provides for multiple selection such that
both edits can be made simultaneously and cells with both edits can be identified
(Figure 16).
To accomplish the latter method, we generated lopsided pGGOAAT vectors such
that there was only one LoxP site per vector (figure 10). For the 5’ HDR experiment,
GFP was preceded by Lox71 and for the 3’ HDR experiment, NeoR was followed by
Lox2272. This design ensures that after RMCE is completed both reporter genes will
be cut out and replaced with the desired insert. The homology arms were then ligated
in using the modified golden gate assembly protocol for pGGOAAT vectors.
After the HDR vectors were generated, they were ready to be cotransfected with
their corresponding U6.3-Cas9-HF vectors. First, to verify the efficacy of HDR at the
Fgf10 locus, we began with the left side, or 5’-HA-Lox71-GFP-HA-3’ vector. While
efficacy was low, either due to inefficient Cas9 activity or prohibitive chromatin
structure effects, it was successful (figure 17).
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Figure 16: Graphical Representations of the Dual-HDR Method (Top) and Single HDR
Method (Bottom)
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After confirming that HDR was effective at the Fgf10 locus, we performed
multiple experiments to determine the effectiveness of the single insertion as well as
right side HDR (Figure 18).

Figure 17: Images of Successful Left HDR Ten Days Post Transfection.

In addition to the exchanges to be performed at the Fgf10 locus we are working
on creating an enhancer fluorescent reporter construct. This construct would contain a
GFP gene driven by a minimal promoter and a floxed CMV enhancer which can be
exchanged with alligator DNA. This construct will be used to generate a chicken that
will express GFP wherever the 10kb of alligator DNA we are using is capable of
driving gene expression (Figure 19).We have amplified both 10 kb and 5 kb upstream
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Figure 18: Image of Right Side HDR Success Using G418 Selection

of Fgf10 in alligator and chicken and will use these four fragments to replace the CMV
enhancer in cPGCs and generate chickens whose offspring will have a fluorescent
reporter for gene expression driven by these fragments of DNA.

Prime Editing
After establishing an efficient guide RNA for both sides of the deletion, I
generated prime editing vectors with pegRNAs that contained a LoxP insert (2272 on
the left and 71 on the right). The scaffold for these vectors was the prime editing all-inone (PEA1-Puro) vectors from Adikusuma et al, (2021). There are currently two
variants of prime editing. The first, as described in the materials and methods, uses a
catalytically impaired Cas9 protein fused to a reverse transcriptase. The second uses a
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Reptile Enhancer

CMV Enhancer

EGFP
Minimal
Promoter

Figure 19: Schematic of Reptile Enhancer Driven GFP Expression at the Chicken Safe Harbor
Locus

fully catalytic Cas9 fused to a reverse transcriptase and has shown higher efficiency in
cell culture. We were curious as to whether one method would be more efficient in
our chicken cells as prime editing has mostly been used in human and mouse cells.
After transfecting cells with these constructs, we discovered that neither PEA1
vector mediated repair through prime editing. We believe that replacing the human
U6 promoters that drive the guide RNA expression with chick U6.3 promoters will
remedy the problem because chick specific U6.3 has been shown to increase guide
RNA expression in chicken cells by 4-fold (Gandhi et al, 2017).
In addition to the insertion of LoxP sites using PE we have also developed a plan
for converting EGFP fluorescent protein to BFP fluorescent protein by editing two
codons of the EGFP amino acid sequence (Idoko-Akoh et al, 2018). This method will
work as a reliable diagnostic for prime editing efficiency in cPGCs and will also
enable multiple lineage tracing in cell division during development (Liu et al, 2020)
with the added benefit of only requiring a single insertion of fluorescent protein (Lox33

STOP-Lox-EGFP) and pegRNA. The first lineage will be shown via injection of Cre
recombinase, and a sub lineage can be elucidated by the subsequent injection of a
prime editor further along in development. We hypothesize that this will allow for the
ability to track multiple lineages of cells using multiple fluorescent proteins without
needing to add each fluorophore individually.
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DISCUSSION
The development of this toolbox of plasmid vectors, bioinformatic tools, and
molecular techniques has added to the body of work pertaining to the application of
complex genetics in reptiles. I have shown that, using computational phylogenetic
methods, possible cis regulatory elements can be identified for little to no cost using
the power of modern computers using the ACES algorithm. I have also shown how
comparative genomics can be used to prioritize molecular experiments when
examining the effects of mutations in gene bodies or their regulatory regions using the
FEATTR pipeline. While bioinformatics is limited by modern biology’s low predictive
power relative to the other basic sciences, these methods can greatly reduce the cost to
new or underfunded labs who wish to perform transgenic research. The newest
algorithm in our toolbox, ACES, recapitulates expected results, showing that the Hox
gene, Tbx4, has several very highly conserved regions upstream of the gene start. It
also shows that Wnt3 and Fgf10 have much fewer sites of sustained conservation. I
believe that the power of ACES, and FEATTR in general, to identify particularly
interesting regions in a genes local area will be verified by future experiments on the
effects of gene swapping in reptiles. Thus, FEATTR is being introduced to the field as
a collection of powerful tools for transgenic researchers unmatched by any other
pipeline currently available.
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We have also found that HDR is the method of choice when inserting gene-size
edits into the cPGC genome using homology-based methods. In our hands, MMEJ
was insufficient to catalyze recombination for either large (floxed NeoR) or small (Lox
site) inserts. The efficacy of HDR is highly dependent on the efficiency of the
CRISPR/Cas9 guide RNA which was demonstrated by the much higher rates of HDR
in our right side HDR than our left side HDR which used highly and minimally
effective guides respectively. We also suspect that the state of the chromatin in the
regions where edits are being performed is also a dominant factor in determining the
effectiveness of HDR.
We have found that RMCE is very inefficient when using a CRE expression
vector. However, we believe that direct injection of CRE protein may make cassette
exchange much more efficient. We hypothesize that RMCE is possible when inserting
individual Lox sites 10 kb apart and will have data for that shortly. We believe that
the effectiveness of RMCE goes down substantially when exchanging large genomic
sequences.
Using the reagents I’ve generated; we will engineer cPGCs with Alligator Fgf10
enhancers. These cells will be injected into 3-day old chicks which will be raised to
adulthood. Interestingly, Fgf10 is found on the Z-sex chromosome and can be bred to
hemizygosity in female hens in the first generation. This hemizygosity will have the
effect of producing a homozygous-like phenotype a generation earlier than it
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normally would take to produce a homozygous transgenic rooster. The male progeny
will be heterozygous. Both the hemizygous and heterozygous phenotypes will be of
interest because they will show how potent the change in enhancer regions is when
determining the structure of the lung. We expect that the lungs of the transgenic
chickens will be alligator-like or being made up of more cyst-like structures, than in
wild-type chickens.
In conclusion, I have described my work in compiling a toolbox of molecular and
bioinformatic tools and how I have applied those tools. I used the FEATTR pipeline to
determine what portions of the regulatory noncoding DNA upstream of Fgf10 were
most likely to contain cis-regulatory elements. I determined that one or more enhancers
are likely within 5 kb of the start of the gene and identified that region as the region of
interest in my enhancer swap. I also used this pipeline to make some interesting
observations relating to the coding and noncoding regions of two other genes important
to development: Tbx4 and Wnt3.
With the knowledge of what portion of the upstream sequence of Fgf10 I was
interested in, I developed techniques for transferring homologous sequences in and out
of that locus. I have prepared all the components for performing RMCE that is carried
out when the Lox sites are very far apart. This knowledge will be useful where desired
deletions are very large (>10kb). I have also developed prime editing vectors with the
chick U6.3 promoter which increases pegRNA expression 4-fold.
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While these molecular tools were developed specifically for use in the chicken,
they are also broadly applicable to other organisms who rely on cultured stem cells for
creating transgenic lines. The bioinformatic tools are useful for anyone performing
evolutionary genetics to determine the source of diversity in life. In conclusion, the
products of this study will have implications not only for poultry scientists, but also for
biologists in general who research the dynamics of differing gene expression in other
organisms.
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APPENDIX A
--title: "FEATTR"
author: "Logan Edvalson"
date: "2/15/2022"
output: html_document
--```{r setup, include=FALSE}
knitr::opts_chunk$set(echo = TRUE)
```
```{r package install}
#BiocManager::install("msa")
#install.packages("plotly")
#install.packages("seqinr")
##Define novel Functions
convertConserve <- function(x) { #function for replacing ATGC with 1 and everything
else with 0
y <- rep(0, length(x))
y[x %in% c("A", "C", "G", "T", "a", "c", "g", "t")] <- 1
return(y)
}
movingAverageEN <- function(x, n = 100) { #takes a moving average of ten data points
stats::filter(x, rep(1 / n, n), sides = 1)
}
seqExtract <- function(x, z) { #extracts the windows that are high conservation.
x=conPosEN z=consensusVect
y <- lapply(x, function(x){
start <- x - 100
end <- x
paste0(z[start:end], collapse = "")})
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return(y)
}
```
```{r}
library(msa)
library(plotly)
library(seqinr)
alignRead <- readDNAStringSet("FGF10 10 species alignment.fasta")
alignment <- msa(alignRead)
consensus <- msaConsensusSequence(alignment, type = "upperlower", thresh =
c(100,50))
consensusVect <- unlist(strsplit(consensus, split = NULL)) #converts consensus into data
frame
binaryCons <- convertConserve(consensusVect)
raVectEN <- as.vector(movingAverageEN(binaryCons))
raVectEN[is.na(raVectEN)] <- 0
raFrameEN <- data.frame(raVectEN, c(1:length(raVectEN)))
colnamesEN <- c("100 pt Rolling Average", "N")
colnames(raFrameEN) <- colnamesEN
highConEN <- raFrameEN[raFrameEN$`100 pt Rolling Average` > 0.85, ]
conPosEN <- as.vector(highConEN$N)
barplot(raFrameEN$`100 pt Rolling Average`,
names.arg = c(1:length(raFrameEN$`100 pt Rolling Average`)),
xlab = "Frame Index", ylab = "Conservation Score", ylim=c(0,1))
extractedSequences <- seqExtract(conPosEN, consensusVect)
namesEN <- c(1:length(extractedSequences))
write.fasta(extractedSequences, namesEN, file.out = "enhancers.fasta")
```
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APPENDIX B
Table 2 Appendix B: Table of Species. *Species used in ACES Analysis.
Snakes
Eastern
Brown
Snake
Mainland
Tiger Snake
Blue
Ringed Sea
Krait
Indian
Cobra

Lizards
Common
Wall Lizard

Sphenodontia Testudines
Tuatara
Three Toed
Box Turtle

Argentine
Black and
White Tegu
Green
Anole*

Crocodiles
Australian
Saltwater
Crocodile*

Birds
African
Ostrich*

Chinese
Softshell
Turtle
Painted
Turtle*

Common
Mallard*

Abingdon
Island Giant
Tortoise*
Goodes
Thornscrub
Tortoise

Japanese
Quail*

Pink Footed
Goose

Chicken*

Golden
Eagle*
Kakapo*
Common
Canary
Zebra Finch
Great Tit
Collared
Flycatcher
Medium
Ground
Finch
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APPENDIX C
Ancestral Tree
(((EasternBrownSnake:0.003585,MainlandTigerSnake:0.002974)Node1:0.004243,BlueRin
gedSeaKrait:0.291203)Node2:0.008918,IndianCobra:0.000001,(CommonWallLizard:0.069
409,(ArgentineBlackandWhiteTegu:0.065546,(((Tuatara:0.091251,((((((Kakapo:0.008134,((
CommonCanary:0.011631,ZebraFinch:0.004431)Node3:0.002201,((GreatTit:0.004912,Coll
aredFlycatcher:0.006546)Node4:0.000001,MediumGroundFinch:0.006537)Node5:0.00167
3)Node6:0.020162)Node7:0.001811,GoldenEagle:0.009962)Node8:0.001856,(Chicken:0.00
3263,JapaneseQuail:0.001640)Node9:0.013025)Node10:0.002246,(PinkFootedGoose:0.001
534,CommonMallard:0.005001)Node11:0.008011)Node12:0.006193,AfricanOstrich:0.0051
49)Node13:0.027309,AustralianSaltwaterCroc:0.045645)Node14:0.015668)Node15:0.0029
65,(ChineseSoftshellTurtle:0.018497,(PaintedTurtle:0.021145,((AbingdonIslandGiantTort
oise:0.006608,GoodesThornscrubTortoise:0.008302)Node16:0.003251,ThreeToedBoxTurtl
e:0.003332)Node17:0.001442)Node18:0.004097)Node19:0.024944)Node20:0.100014,Green
Anole:0.277029)Node21:0.038405)Node22:0.036132)Node23:0.125353)Node24:0.0;
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APPENDIX D
Ancestral Sequences
>Chicken
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCT----------------------------------------------------------------------TGTTGCTGCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGG
ACATGCTGTCCCCG------GAGGCCACCAACTCTTCTTCTTCA-----------TCATCCTCCTCCTTCCCCTCGTCCTTCTCCTCT-----------CCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCACCTCCAAGGAGACGTGCGCAAGAGG
AAGCTCTACTCTTACAAC-----AAATACTTTCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCC
TTCAGC--ATATTGGAGATAACATCTGTAGAAATTGGAGTTGTGGCAGTTAAGTCCATCAAAAGCAACTATTA
TTTAGCTATGAACAAGAAAGGAAAAGTCTACGGCTCTAAGGAGTTTAATAGTGATTGCAAATTG
AAGGAAAGA--------------ATAGAAGAAAATGGATACAATACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGT
TTGTTGCTCTGAATGGAAGGGGAGCCACAAAGAGGGGACAAAAAACAAGAAGG-----------AAAAACACTTCAGCTCACTTTCTTCCAATGGTAGTAATGTCA----------------------------->Node1
ATGTGCAGATGGAGACTGATACAGGGTGCCTTCGCCTCTGCCCACCTGCCTTCCTCCTCTTCCTCC
GCCTCCTGCGCTTCCTCCTCCTCCTCCTCCTCCCGTCGGGGGCCGGCCGGCCGCGGCGGCTGGGG
CTTCTTGCTGCTGCTCTGCCTGATGTCTTCGCTGACCGCCTCCAGCCATGAGCACGGGCGCGGCGT
GCTGCCTCCGGGAGTCAAGGCCACCAACGCCTCGTCCACCTCTTCTTCTTCTTCTTCTTCTTCCTCG
TCGTCGTCCTCCTCCTCCTCCTCCTCTTCGGCCGCCAGCGCGGGGAGACACGTGCGGAGCTACGA
TCACCTCCGAGGAGACGTGCGCCAGAGGAAACTCTATTGCTTCAACAACCTCTCCTCTTTTTTGTT
CTTCCTCCGGATTGAGAAGAACGGGAACGTGAGCGGCACCAAGAGGGACAACTGCCCCTATTCC
AGCATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTTT
AATTGCTTGGTGGCTGTTAAATCTATTAACAGCAATTATTATCTTGCCATGAATAAGAATGGCAA
AGTCTATGGATCTAAAGAGTTTAACAACGATTGCAAACTAAAGGAGAGGATAGAAGAAAATGG
GTACAATACGTATGCCTCATTCTCCTGGAAAAATAATGGAAAGCAAATGTTTGTGGCTTTGAATG
GAAAAGGCGGGACGCGTGCGCTCCAGGAAAGGACAGAGAACCAGACGGAAAAACACTACTGC
TCATTTTCTTCCCATGGAATGCCCCGCTTCTTGGGAATAGTTGACCCACAGATGAAGGACTTCTTC
TACTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node2
ATGTGCAGATGGAGACTGATACAGGGTGCCTTCGCCTCTGCCCACCTGCCTTCCTCCTCTTCCTCC
GCCTCCTGCGCTTCCTCCTCCTCCTCCTCCTCCCGTCGGGGGCCGGCCGGCCGCGGCGGCTGGGG
CTTCTTGCTGCTGCTCTGCCTGATGTCTTCGCTGACCGCCTCCAGCCATGAGCACGGGCGCGGCGT
GCTGCCTCCGGGAGTCAAGGCCACCAACGCCTCGTCCACCTCTTCTTCTTCTTCTTCYTCYTCCTCG
TCGTCGTCCTCCTCCTCCTCCTCCTCTTCGGCCGCCAGCGCGGGGAGACACGTGCGGAGCTACGA
TCACCTCCGAGGAGACGTGCGCCAGAGGAAACTCTATTGCTTCAACAACCTCTCCTCTTTTTTGTT
CTTCCTCCGGATTGAGAAGAACGGGAACGTGAGCGGCACCAAGAGGGACAACTGCCCCTATTCC
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AGCATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTTT
AATTGCTTGGTGGCTGTTAAATCTATTAACAGCAATTATTATCTTGCCATGAATAAGAATGGCAA
AGTCTATGGATCTAAAGAGTTTAACAACGATTGCAAACTAAAGGAGAGGATAGAAGAAAATGG
ATACAATACGTATGCCTCATTCTCCTGGAAAAATAATGGAAAGCAAATGTTTGTGGCTTTGAATG
GAAAAGGCGGGACGCGTGCGCTCCAGGAAAGGACAGAGAACCAGGCGGAAAAACACTACTGC
TCATTTTCTTCCCATGGAATGCCCCGCTTCTTGGGAATAGTTGACCCACAGATGAAGGACTTCTTC
TACTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node3
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCCTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTC
GTCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCAAGGAGACGTGCGCAAGAGGAAGCTCTATTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCGTTTTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAA
TTGCTTTGTGGCAGTTAAGTCTATTAAGAGCAACTACTATTTAGCCATGAACAAAAAAGGAAAAG
TCTACGGCTCTAAGGAGTTTAATAGCGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATA
TAACACATACGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGG
AGGGGAACCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTC
ACTTTCTTCCTATGGAATGCCCCGCTTCTTGGGAATAGTCATGTCGGGGTTGATAGAGBTGTTCTA
TTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node4
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCCTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTC
GTCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCAAGGAGACGTGCGCAAGAGGAAGCTCTATTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCGTTTTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAA
TTGCTTTGTGGCAGTTAAGTCTATTAAGAGCAACTACTATTTAGCCATGAACAAAAAAGGAAAAG
TCTACGGCTCTAAGGAGTTTAATAGCGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATA
TAACACATACGCGTCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGG
AGGGGAACCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTC
ACTTTCTTCCTATGGAATGCCCCGCTTCTTGGGAATAGTCATGTCAGGGTTGATAGAGBTGTTCTA
TTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node5
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCCTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTC
GTCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCAAGGAGACGTGCGCAAGAGGAAGCTCTATTCTTACAACAACCTCTCCTCTTTTTTGTACTT
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TCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCGTTTTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAA
TTGCTTTGTGGCAGTTAAGTCTATTAAGAGCAACTACTATTTAGCCATGAACAAAAAAGGAAAAG
TCTACGGCTCTAAGGAGTTTAATAGCGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATA
TAACACATACGCGTCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGG
AGGGGAACCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTC
ACTTTCTTCCTATGGAATGCCCCGCTTCTTGGGAATAGTCATGTCAGGGTTGATAGAGBTGTTCTA
TTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node6
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCCTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTC
GTCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCAAGGAGACGTGCGCAAGAGGAAGCTCTATTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCGTTTTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAA
TTGCTTTGTGGCAGTTAAGTCTATTAAGAGCAACTACTATTTAGCCATGAACAAAAAAGGAAAAG
TCTACGGCTCTAAGGAGTTTAATAGCGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATA
TAACACATACGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGG
AGGGGAACCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTC
ACTTTCTTCCTATGGAATGCCCCGCTTCTTGGGAATAGTCATGTCAGGGTTGATAGAGBTGTTCTA
TTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node7
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCTATTAAGAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGTC
TACGGCTCTAAGGAGTTTAACAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATATA
ACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGAAG
GGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCACT
TTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTATTG
ATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node8
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
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CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATTAAGAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTACGGCTCTAAGGAGTTTAACAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node9
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTATACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATCAAAAGCAACTATTATTTAGCTATGAACAAGAAAGGAAAAGT
CTACGGCTCTAAGGAGTTTAATAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTTGCTCTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGGGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node10
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATTAAAAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTACGGCTCTAAGGAGTTTAACAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node11
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
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TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGCGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCCGTTGAAATTGGAGTTTTAATT
GCTTCGTGGCAGTTAAGTCCATTAAAAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAGGAGTTTAACAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCTCTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node12
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTAGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATTAAAAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAGGAGTTTAACAGTGATTGCAAATTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCCTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node13
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGTTGCT
GCTTGCTGCTGCTCTTCTTGGTGTCTTCTGTGCCTGTCACCTGCCATGACCTCGGCCAGGACATGCT
GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCATCCTCCTCCTTCTCCTCCTCCTCGTCG
TCGTCCTCGCCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCAAGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGCACCAAGAAGGAGAACTGCCCCTTTTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATTAAAAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGTGATTGCAAACTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCTTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGAAGGAAAAACACTTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGBTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node14
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGCTGCT
GCTTCCTGCTGCTCTTCTTGGTGTCTTCTGTGTCTGTCACCTGCCATGACCTCGGCCAGGACATGCG
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GTCCCCGGGAGCGGAGGCCACCAACTCTTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTCG
TCGTCCTCGTCCTCGTCCTTCTCCTCTCCTTCCAGTGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGACGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCAAGATCGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCCTATTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAATT
GCTTTGTGGCAGTTAAGTCCATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGTGATTGTAAACTGAAGGAAAGAATAGAAGAAAATGGATAT
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGGCAAATGTTTGTGGCCTTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node15
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCCGCTGCCGCTGCTGCTGCT
GCTTCCTGCTGCTCTTCTTGGTGTCTTCTGTGTCTGTCACCTGCCATGACCACGGCCAGGACATGC
GGTCCCCGGGAGCGGAGGCCACCAACTCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGT
CGTCGTCCTCGTCCTCGTCCTTCTCCTCTCCTGCCAGTGCGGGGAGACACGTGCGGAGCTACAATC
ACCTCCAAGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACT
TTCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCSTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCCATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGTGATTGTAAACTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node16
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCTGCTGCGGGTGCTGCTGCC
TCTTCCTGCTGCTCTTCTTGGTGTCTTCTGGGTCTGTCATCTGCCATGACCACGGCCAGGACATGCG
GTCCCCGGGAGCGGTGGCCACCAACGCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCGTCTTCATCCTTCTCCTCTCCTGCCAGTGCGGGGAGGCACGTGCGGAGCTACAATCA
CCTCCAGGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATTGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCGATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGCGATTGTAAACTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATACGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GAGGAGCTACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node17
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCTGCTGCGGGTGCTGCTGCC
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TCTTCCTGCTGCTCTTCTTGGTGTCTTCTGGGTCTGTCATCTGCCATGACCACGGCCAGGACATGCG
GTCCCCGGGAGCGGAGGCCACCAACGCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCGTCTTCATCCTTCTCCTCTCCTGCCAGTGCGGGGAGGCACGTGCGGAGCTACAATCA
CCTCCAGGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATTGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCGATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGCGATTGTAAATTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATACGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GAGGAGCTACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node18
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCTGCTGCGGGTGCTGCTGCC
TCTTCCTGCTGCTCTTCTTGGTGTCTTCTGGGTCTGTCATCTGCCATGACCACGGCCAGGACATGCG
GTCCCCGGGAGCGGAGGCCACCAACGCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCGTCTTCATCCTTCTCCTCTCCTGCCAGTGCGGGGAGGCACGTGCGGAGCTACAATCA
CCTCCAGGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATTGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCGATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGCGATTGTAAATTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GAGGAGCTACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node19
ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCYTCYTCYTCYTCCTCCTCCYGTCGGGGGCCGGGCTGCTGCGGGTGCTGCTGCC
TCTTCCTGCTGCTCTTCTTGGTGTCTTCTGGGTCTGTCATCTGCCATGACCACGGCCAGGACATGCG
GTCCCCGGGAGCGGAGGCCACCAACGCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCGTCTTCATCCTTCTCCTCTCCTGCCAGTGCGGGGAGGCACGTGCGGAGCTACAATCA
CCTCCAGGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATTGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCCATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGTGATTGTAAATTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GAGGAGCTACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node20
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ATGTGCAAATGGATACTGACAAATGGTGCCTCAGCCTTTTCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCTTCTTCTTCTTCCTCCTCCTGTCGGGGGCCGGGCCGCTGCCGCTGCTGCTGCT
TCTTCCTGCTGCTCTTCTTGGTGTCTTCTGTGTCTGTCACCTGCCATGACCACGGCCAGGACATGCG
GTCCCCGGGAGCGGAGGCCACCAACTCGTCTTCTTCATCCTCCTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCGTCCTCGTCCTTCTCCTCTCCTGCCAGTGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCAAGGAGATGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTT
TCTCAAGATCGAGAAGAACGGCAAGGTCAGCGGGACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAGATAACATCTGTGGAAATTGGAGTTTTAAT
TGCTTTGTGGCTGTTAAATCCATTAACAGCAACTATTATTTAGCCATGAACAAGAAAGGAAAAGT
CTATGGCTCTAAAGAGTTTAACAGTGATTGTAAACTGAAGGAAAGAATAGAAGAAAATGGATAC
AACACATATGCATCCTTAAATTGGAAGCACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
GGGGAGCCACACGTGCGCTCCAAGAGAGGACAGAAAACAAGGAGGAAAAACACCTCAGCTCA
CTTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTAATGTCAGGGTTGATAGAGSTGTTCTAT
TGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node21
ATGTGCAAATGGAGACTGATACAGGGTGCCTCAGCCTTTGCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCTTCTTCTTCTTCCTCCTCCTGTCGGGGGCCGGGCCGCYGCCGCTGCTKCTTCTT
CTTCCTGCTGCTCTGCTTGAYGTCTTCCCTGGCTGTCCCCTGCCATGAGCACGGCCAAGACATGCG
GCTCCCGGGAGTCAAGGCCACCAACTCGTCTTCTTCGTCSTCCTCCTCCTCCTCCTCCTCCTCGTCG
TCGTCCTCCTCCTCTTCCTCCTCCTCTCCTGCCAGCGCGGGGAGACACGTGCGGAGCTACAATCAC
CTCCAAGGAGAYGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTACTTT
CTCCAGATCGAGAAGAACGGCAACGTCAGCGGCACCAAGAAGGAGAACTGCCCGTATTCCAGC
ATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTTTAATT
GCTTTGTGGCTGTTAAATCCATTAACAGCAACTATTATTTAGCCATGAACAAGAATGGAAAAGTC
TATGGTTCTAAAGAGTTTAACAATGAYTGTAAACTAAAGGAGAGAATAGAAGAAAATGGATACA
ATACATATGCATCATTCTCTTGGAAGAACAATGGAAGACAAATGTTTGTGGCCTTGAATGGAAAA
GGAGCCACACGTGCGCTCCAGGAAAGGACAGAAAACCAGGAGGAAAAATACTTCAGCTCATTT
TCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTCGAGCCACAGATGAAGGACSTGTTCTATTG
ATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node22
ATGTGCAAATGGAGACTGATACAGGGTGCCTCAGCCTTTGCCCACCTGCCTCCCTCCTCTTCCTCC
TCCTCCTGCGCTTCTTCTTCTTCTTCCTCCTCCTGTCGGGGGCCGGGCCGCCGCCGCTGCTTCTTCTT
CTTCCTGCTGCTCTGCYTGACGTCTTCCCTGGCTGCCCCCTGCCATGAGCACGGCCAAGACATGCG
GCTCCCGGGAGTCAAGGCCACCAACTCGTCTTCTTCGTCGTCGTCCTCCTCCTCCTCCTCCTCGTC
GTCGTCCTCCTCCTCTTCCTCCTCCTCTSCCGCCAGCGCGGGGAGACACGTGCGGAGCTACAATCA
CCTCCGAGGAGAYGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTTCTT
TCTCCAGATCGAGAAGAACGGCAACGTCAGCGGCACCAAGAAGGAGAACTGCCCGTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTTTAA
TTGCTTTGTGGCTGTTAAATCCATTAGCAGCAACTATTATTTAGCCATGAACAAGAATGGAAAAG
TCTATGGTTCTAAAGAGTTTAACAATGACTGTAAACTAAAGGAGAGAATAGAAGAAAATGGATA
CAATACATATGCATCATTCTCTTGGAAGAAYAATGGAAGACAAATGTTTGTGGCCTTGAATGGAA
AAGGAGCCACACGTGCGCTCCAGGAAAGGACAGAAAACCAGGAGGAAAAATACTACCGCTCAT
TTTCTTCCAATGGAATGCCCCGCTTCTTGGGAATAGTCGAGCCACAGATGAAGGACSTGTTCTATT
GATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
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>Node23
ATGTGCAAATGGAGACTGATACAGGGTGCCTCAGCCTTTGCCCACCTGCCTTCCTCCTCTTCCTCC
TCCTCCTGCGCTTCCTCCTCCTCCTCCTCCTCCCGTCGGGGGCCGGGCCGCCGCCGCDGCTTCGTC
TTCTTGCTGCTGCTCTGCCTGACGTCTTCCCTGGCTGCCCCCTGCCATGAGCACGGCCAAGGCATG
CTGCTCCCGGGAGTCAAGGCCACCAACTCCTCTTCYTCGTCGTCGTCYTCCTCCTCCTCCTCCTCGT
CGTCGTCCTCCTCCTCTTCCTCCTCCTCGSCCGCCAGCGCGGGGAGACACGTGCGGAGCTACAATC
ACCTCCGAGGAGACGTGCGCTGGAGGAAGCTCTACTCTTACAACAACCTCTCCTCTTTTTTGTTCT
TCCTCCGGATTGAGAAGAACGGCAACGTCAGCGGCACCAAGAGGGAGAACTGCCCTTATTCCAG
CATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTTTAA
TTGCTTTGTGGCTGTTAAATCCATTAGCAGCAACTATTATCTAGCCATGAACAAGAATGGAAAAG
TCTATGGTTCTAAAGAGTTTAACAATGACTGCAAACTAAAGGAGAGAATAGAAGAAAATGGATA
CAATACGTATGCRTCATTCTCTTGGAAAAAYAATGGAAGGCAAATGTTTGTGGCCTTGAATGGAA
AAGGAGCCACGCGTGCGCTCCAGGAAAGGACAGAGAACCAGGAGGAAAAATACTACCGCTCAT
TTTCTTCCCATGGAATGCCCCGCTTCTTGGGAATAGTCGAGCCACAGATGAAGGACCTGTTCTATT
GATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
>Node24
ATGTGCAGATGGAGACTGATACAGGGTGCCTCCGCCTCTGCCCACCTGCCTTCCTCCTCTTCCTCC
GCCTCCTGCGCTTCCTCCTCCTCCTCCTCCTCCCGTCGGGGGCCGGCCGGCCGCGGCGGCTGGGG
CTTCTTGCTGCTGCTCTGCCTGATGTCTTCGCTGACCGCCTCCAGCCATGAGCACGGGCGCGGCGT
GCTGCTTCCGGGAGTCAAGGCCACCAACGCCTCGTCCACCTCTTCTTCTTCCTCCTCCTCCTCCTC
GTCGTCGTCCTCCTCCTCCTCCTCCTCTTCGGCCGCCAGCGCGGGGAGACACGTGCGGAGCTACG
ATCACCTCCGAGGAGACGTGCGCCAGAGGAAACTCTATTGCTTCAACAACCTCTCCTCTTTTTTGT
TCTTCCTCCGGATTGAGAAGAACGGGAACGTGAGCGGCACCAAGAGGGACAACTGCCCCTATTC
CAGCATAAACACCTCGCTCCTGGCTGGGTTTGGCTTGGAAATAACATCTGTGGAAATTGGAGTTT
TAATTGCTTGGTGGCTGTTAAATCTATTAACAGCAATTATTATCTTGCCATGAATAAGAATGGCAA
AGTCTATGGATCTAAAGAGTTTAACAACGATTGCAAACTAAAGGAGAGGATAGAAGAAAATGG
ATACAATACGTATGCCTCATTCTCCTGGAAAAATAATGGAAAGCAAATGTTTGTGGCTTTGAATG
GAAAAGGCGGGACGCGTGCGCTCCAGGAAAGGACAGAGAACCAGGCGGAAAAACACTACTGC
TCATTTTCTTCCCATGGAATGCCCCGCTTCTTGGGAATAGTTGACCCACAGATGAAGGACTTCTTC
TACTGATAGCAGCCACAAAAAAAAAAGGCAGAGGGAGG
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CURRICULUM VITAE
Logan Thomas Edvalson
Brigham Young University
College of Life Sciences
Dept. of Cell Biology and Physiology

EDUCATION:
PhD Biology
University of Rochester

Start August 2022

BS/MS Physiology & Developmental Biology
Brigham Young University

December 2019/December 2022

RESEARCH EXPERIENCE
Masters:
Brigham Young University
Jeffery Barrow PhD, Department of Cell Biology & Physiology
Genomic Tool Development/Evolutionary Biology Thesis July 2020 – August 2022
(2y 1m)
Development of technique for efficient targeted insertion
of large DNA sequences in chicken primordial germ cells.
Generation of Rosa26-like chicken variant. Generating
drug inducible Cas9 chicken variants. Using R for
analyzing evolutionary conservation.
Julianne Grose PhD, Department of Microbiology and Molecular Biology
Characterization of a Clinically Significant Klebsiella Bacteriophage January 2021 –
April 2022 (4m)
Annotation of bacteriophage genome. Function prediction
for hypothetical proteins and host range analysis. RNA Seq
sample collection and analysis.
Baccalaureate:
University of Utah Summer Program for Undergraduate Research
Micah Drummond PhD, Department of Nutrition and Integrative Physiology
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Skeletal Muscle Macrophages
May 2019 – August 2019 (3m)
Examined the effect of electrical stimulation and protein
supplements on macrophage phenotype in skeletal muscle.
Brigham Young University
David Busath MD, Department of Physiology & Developmental Biology
Viral Pathogenesis/Pharmacology
April 2018 – December 2019 (1y 8m)
Examined role of RTKs in influenza infection. Tested drug
library developed at BYU for anti-flu activity.
Chronic Pain
April 2017 – July 2018 (1y 3m)
Examined brain activity before and after use of electrical
stimulation on chronic idiopathic neuropathy using fMRI.
Jonathon Hill PhD, Department of Physiology & Developmental Biology
Bioinformatics
April 2018 – December 2019 (1y)
Update coder for polypeakparser in Bioconductor.
PEER-REVIEWED PUBLICATIONS:
Bodily, T., Edvalson, L., Peacock, J., Bradshaw, Z., Hart, C., Ernst, C., Biggs, S.,
Busath, D. Comparative Efficacies of Calmare® Therapy and Transcutaneous
Electrical Nerve Stimulation in Randomized Peripheral Neuropathy Subjects
with Resting State fMRI Monitoring. BYU ScholarsArchive. 2020;13(2).
Reidy, P., Edvalson, L., McKenzie, A., Petrocelli, J., Mahmassani, Z., Drummond,
M. Neuromuscular Electrical Stimulation and Protein During Bed Rest
Increased CD11b+ Skeletal Muscle Macrophages but Does Not Correspond
to Muscle Size or Insulin Sensitivity. Appl Physiol Nutr Metab. 2020;1715-5312
PUBLICATIONS IN PROGRESS:
Edvalson, L., Pickett, G., Barrow, J. Birds of a FEATTR: A Bioinformatic Pipeline of
Fast Evolutionary Analysis Tools for Characterizing Genomic Loci for
Interspecies Genetic Hybrid Research. Curr Prot in Human Genetics 2022
Edvalson, L., Olsen, Z., Barrow, J. Application of Homologous Recombination and
Recombinase Mediated Cassette Exchange for making Gene Sized Edits in
Chicken Primordial Germ Cells. 2022
ABSTRACTS:
Edvalson, L., Olsen, Z., Farmer, C., Barrow, J. Reptile to Chicken Enhancer Swaps to
Understand the Molecular Basis Underlying Morphological Diversity in the
Vertebrate Lung. 81st Annual Meeting of the Society for Developmental
Biology. July 2022. (Short Talk)
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Edvalson, L., Davis, M., Busath, D. MD. Influenza and Cancer: Shared Pathways
and the Potential for New/Repurposed Therapeutics. Utah Conf on
Undergrad Res. February 2020. (Poster)
Edvalson, L., Reidy, P. PhD, Petrocelli, J. MS, McKenzie, A. MS, Drummond, M.
PhD. Neuromuscular Electrical Stimulation and Protein Supplementation
During Bed Rest in Older Adults Increases Muscle Macrophages but Is Not
Related to Preserved Lean Mass. Univ of Utah Undergrad Res Symp. 2019.
(Poster)
Edvalson, L, Mohl, G., Singleton, J., Busath, D. MD. Novel Small Molecule
Pyrazolopyrimidine Analogues Demonstrate Anti-Influenza Activity in vitro
Utah Acad. of Sciences, Arts & Letters Annual Conf. 2019. (Poster)
Edvalson, L., Bodily, T., Hart, C., Busath, D. MD. Comparative Efficacies of Tens
and Calmare Therapy on Chronic Idiopathic Neuropathy. Utah Conf. on
Undergrad Res. 2019. (Poster)
TEACHING:
Developmental Biology Teaching Assistant
Assisted professor by teaching lectures and grading
assignments and exams

Winter 2021/2022

Advanced Physiology Lab Instructor
Taught students how to use physiology lab techniques and
graded quizzes and assignments.

Fall 2020

MEMBERSHIPS:
Society for Developmental Biology

June 2021 - present

HONORS & AWARDS:
Johannes Holtfreter Fellowship

August 2022 – July 2025

The Honors Society of Phi Kappa Phi

Fall 2021 in Perpetuity

Various Departmental Teaching/Research Assistantships
University of Utah Undergraduate Research Fellowship
Wal-Mart Scholar

Fall 2020 – Summer 2022
Summer 2019
2016 – 2019

EMPLOYMENT:
Pharmacy Technician II
Intermountain Utah Valley Hospital

June 2018 – June 2021
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Pharmacy Technician I
Wal-Mart
December 2015 – June 2018
Perform dosing calculations, monitor drug/disease
interactions for new patients. Perform non-sterile
medication compounding.
SERVICE & OUTREACH:
Self-Reliance: Emotional Resilience
Facilitator
Facilitates a group that explores methods for developing
self-reliance through emotional resilience such as
employing healthy thought patterns, managing unwanted
emotions, and building healthy relationships.

Fall 2021

Utah State Legislature
Consultant
April 2019 – January 2020
Consulted on a bill that would allow pharmacists to
dispense flu medication based on symptoms and rapid inpharmacy diagnostic kits.
College of Life Sciences
Peer Consultant
Winter 2019 – Fall 2019
Consulted first year students on club membership, class,
and research lab choice.
Philippines Cebu Mission
Missionary
March 2013 – February 2015
Performed service in the form of home building,
gardening, teaching English and various other community
service projects. Was also responsible for the work and
well-being of up to 30 other missionaries.
FOREIGN LANGUAGE:
Cebuano: Fluent
Tagalog: Proficient

62

